Summary. This paper reviews the cell-maceration/ scanning electron microscopic (SEM) technique and its application in the study of human livers. The maceration of glutaraldehyde-fixed tissues with 2N-NaOH and water at room temperature effectively and consistently removes all the cells, thus exposing collagen fiber networks. SEM of the macerated tissues shows threedimensional arrangements of collagen fibers more clearly than previously reported methods. High resolution SEM observations of macerated and non-macerated collagen fibrils of the rat tail tendon have revealed that both show similar cross-striated bandings that are determined by an alternate succession of elevated and depressed segments along the collagen fibrils, with a period of approximately 65nm. Three ridges have been observed in the nonmacerated collagen fibrils: two on the margins of the elevated segments and one at an intermediate point of the depressed segment. The macerated collagen fibrils show a straight arrangement with slightly wavy microfibrils.
Summary. This paper reviews the cell-maceration/ scanning electron microscopic (SEM) technique and its application in the study of human livers. The maceration of glutaraldehyde-fixed tissues with 2N-NaOH and water at room temperature effectively and consistently removes all the cells, thus exposing collagen fiber networks. SEM of the macerated tissues shows threedimensional arrangements of collagen fibers more clearly than previously reported methods. High resolution SEM observations of macerated and non-macerated collagen fibrils of the rat tail tendon have revealed that both show similar cross-striated bandings that are determined by an alternate succession of elevated and depressed segments along the collagen fibrils, with a period of approximately 65nm. Three ridges have been observed in the nonmacerated collagen fibrils: two on the margins of the elevated segments and one at an intermediate point of the depressed segment. The macerated collagen fibrils show a straight arrangement with slightly wavy microfibrils.
The subendothelial spaces of Disse in the human liver contain abundant collagen fibers. There are some collagen fibers that stretch between adjacent collagen fiber sheaths in the subendothelial spaces of Disse, either forming a mono-layered network or coursing individually. The collagen fibers in the spaces of Disse are continuous with those in the liver capsule and in the Glisson's sheaths and with those around the central and sublobular veins. The collagen fibers in human livers form a network of the liver as a whole, thus constituting a hepatoskeletal system.
In the first half of this century, light microscopy of silverimpregnated preparations was the principal technique for the study of connective tissues (e.g., HOLMGREN, 1907; PLENK, 1927; NAGEL, 1934 NAGEL, , 1935 CLARA, 1936) ; and the fine three-dimensional organization of the connective tissue could not be properly visualized.
Recently we established a cell maceration technique with a NaOH solution and water for scanning electron microscopic (SEM) observations of collagen fiber arrangements (OHTANI, 1987; OHTANI et al., 1988) . As this method is able to remove cellular elements effectively and consistently, thus clearly exposing the collagen fibers, it has become widely employed and has revealed the three-dimensional organization of collagen fiber frameworks of various tissues (OHTANI, 1987 (OHTANI, , 1988 OHTANI et al., 1988 OHTANI et al., , 1991 KIKUTA, OHTANI and MURAKAMI, 1991; KOMAI and USHIKI, 1991; MORITA et al., 1991) .
This paper reviews the cell-maceration technique and shows its application to the study of human livers.
MATERIALS AND METHODS
The materials used were human livers obtained in the autopsy of a Japanese female subject who died of urinary bladder cancer at 72 years of age and of a Japanese male of 70 years of age. Routine light microscopy showed that the human materials had no significant pathological changes. The tail tendon was obtained from two male Wistar rats (250g body weight).
The collagen fiber networks of tissues were extracted and observed according to our cell-maceration/SEM method as previously described (OHTANI, 1987; OHTANI et al., 1988) . The preparation procedures were as follows: 1) The tissues were fixed in 2.5% glutaraldehyde or 4% paraformaldehyde in a 0.1 M phosphate buffer (PB, pH 7.3) by either perfusion or immersion. They were then cut into small pieces measuring 2x3x5-5x5x5mm' and further immersion-fixed in the same fixative for a day or two.
2) The pieces were immersed in 2N-NaOH for 3-7 days at room temperature (about 25C).
3) The NaOH-treated tissues were put in distilled water for 3-4 days at room temperature (about 25C). All of the cells were removed at this step, thus leaving only whitish, semitransparent collagen fiber networks. 4) The extracted collagen fiber networks were immersed in 0.5-1% tannic acid solution for 1-2h. 5) After rinsing in distilled water for several hours, they were fixed in 1.0% OsO4 for 1-2h. 6) They were dehydrated through graded concentrations of ethanol. 7) They were then freeze-cracked in liquid nitrogen with a razor blade. 8) They were critical-point-dried using liquid CO2 or freeze-dried in t-butyl alcohol (WHEELER et al., 1975; INOUE and OSATAKE, 1988) . 9) The preparations were mounted on specimen-holders for SEM with silver paste. 10) They were coated with gold to an approximately 2nm thickness and observed in a Hitachi S-900 or S-2300 SEM with an accelerating voltage of 15-20kV. Stereo-pairs of micrographs were frequently taken with a tilt separation of 4-7.
To compare NaOH-macerated collagen fibrils with non-macerated ones, some of the rat tail tendons were prepared for usual SEM observations. The tendons were rinsed in 0.9% saline, and fixed in 2.5% glutaraldehyde in 0.1M PB. They were postfixed in OsO4 and dehydrated through graded concentrations of ethanol. After critical-point-drying in liquid CO2, they were mounted on specimen-holders with silver paste, coated with gold to a 2nm thickness, and observed in a Hitachi-900 SEM with an accelerating voltage of 20kV.
RESULTS AND DISCUSSION
Comparison of macerated collagen fibrils with non-macerated ones
High resolution SEM of non-macerated collagen fibrils of the rat tail tendon showed that the tendon consisted largely of thick collagen fibrils 100-250nm in diameter, and scattered thin ones approximately 30nm in diameter. There were cross striated bandings which were determined by an alternate succession of elevated and depressed segments along the collagen fibrils, with intervals of approximately 65 nm ( Fig. 1) . Two ridges were noticed at the margins of the elevated segments of the collagen fibrils, and a third ridge was situated at an intermediate point of the depressed segments (Fig. 1) . These three ridges seemed to correspond to the three widest light bands observable in negatively stained collagen fibrils and also to the ridges observed in deep-etched ones (MAR-CHINI and RUGGERI, 1984) . SEM of macerated rat tail tendon also showed the bandings determined by the alternate succession of elevated and depressed segments along the collagen fibrils with intervals of approximately 65nm (Fig. 2) . However, the ridges were less prominent than those seen on the non-macerated collagen fibrils. Occasionally, thin collagen fibrils of approximately 30nm in diameter branched off from thicker ones (Fig. 2) .
A straight arrangement with slightly wavy "microfibrils" was observed in the collagen fibrils of the rat tail tendon (Figs. 1, 2) . The "microfibrils" were more clearly observed in the macerated-collagen fibrils than in non-macerated ones. This type of microfibrillar arrangement is perhaps characteristic to Type I collagen, as suggested by MARCHINI and RUGGERI (1984) .
Although the macerated collagen fibrils slightly differed morphologically from non-macerated ones, both showed cross-striated banding patterns characteristic to collagen fibrils. These data indicate that preparations with the maceration technique consist of actual collagen fibrils, and that the method is therefore applicable to demonstrating collagen fibrils. In addition, high-resolution SEM of the macerated collagen fibrils is able to disclose the arrangements of collagen "microfibrils". 
Advantages
and disadvantages of the cell-maceration/SEM technique Many authors have attempted to remove cellular elements to expose the connective tissues, employing acetic acid (HORSTMANN, 1952) , trypsin (SCHENK and WERSALL, 1975) , EDTA (KLEIN-SZANTO and SCHROEDER, 1977) , prolonged fixation in OsO, followed by ultrasonication (HIGHISON and Low, 1982) , maceration in boric acid plus ultrasonication (Low and MCCLUGAGE, 1984) , or washing with a jet of Ringer's solution (MIYOSHI and SHINGU, 1984) . Our experiments have revealed that the cell-maceration technique herein reviewed is able to remove all of the cells effectively and consistently, and thus exposes the collagen fibers and fibrils more clearly than any other methods so far reported. SEM observations of the preparations with the cell-maceration technique can demonstrate threedimensional arrangements of collagen fibrils, regardless of whether they form bundles (i.e., collagen fibers) or course individually (Figs. 3-5 ). Thus the cell-maceration/SEM technique is highly useful for demonstrating three-dimensional arrangements of collagen fibers. Furthermore, the technique is applicable for revealing the arrangements of collagen "microfibrils".
Since all of the cells are removed by the cellmaceration/SEM
technique, it cannot demonstrate exact spatial relationships between collagen fibers and cellular elements. Such relationships should be examined by light and transmission electron microscopy of tissues. In order to overcome this disadvantage, we frequently employ combined methods of light microscopy with the cell-maceration/SEM technique. Here, a thin section of tissue block is cut with a vibratome and processed for light microscopy, while the remaining tissue block is treated with the cell-maceration technique in order to observe the consecutive surface under SEM. The disadvantage can be also overcome to some extent by comparing the arrangements of collagen fiber networks with those of cellular elements exposed by HC1-collagenase (EVAN et al., 1976) or alkali-collagenase treatment (MILLER et al., 1982) .
Collagen fiber arrangements of the human liver
As was shown in our previous study (OHTANI, 1988) , there were many more collagen fibers in the human liver than commonly believed. In the Glisson's sheath was a condensation of collagen fibers, their diameters being 1 to 5m (Fig. 3 ). There were some channels for the portal vein branches, the hepatic arterial branches, the bile ducts and lymphatic vessels in the Glisson's sheath. They were lined by a fine meshwork of interwoven collagen fibrils. Collagen fibers in the periphery of Glisson's sheath were continuous with those in the spaces of Disse (Fig. 3) .
In the subendothelial spaces of Disse, there were collagen fiber sheaths surrounding the hepatic sinusoids (Figs. 3-6) . At low magnification, these sheaths for the sinusoids appeared to consist of a thin continuous membrane (Figs. 3, 4) . At higher magnifications, collagen fibers (approximately 0.2-2um in diameter) repeatedly divided and fused to form meshworks (Figs. 4, 5) . Each mesh contained some winding collagen fibrils that coursed individually (Fig. 5) . The mesh was presumably juxtaposed to the sieve plate of the hepatic sinusoids. There were no special condensations of collagen fibers that demarcated the hepatic lobule. However, there were some regional differences in the organization of the collagen fiber sheaths for the sinusoids. Near their origins at the portal vein branches, the sheaths for the sinusoids were slightly narrower, more tortuous and more extensively interconnected than their terminations in the sheaths for the central veins (Fig. 6 ). This arrangement of sheaths for sinusoids corresponded well with that of the sinusoids revealed by the vascular corrosion casting/SEM method (OHTANI, MURAKAMI and JONES, 1982; OHTANI, 1989) .
Collagen fibers, either with or without forming a meshwork, frequently stretched between adjacent sheaths belonging to the hepatic sinusoids (Fig. 4) . These collagen fibers existed in the interhepatocytic spaces, a fact confirmed by our transmission electron microscopy of liver tissues (OHTANI, 1988) . In their SEM studies MOTTA and his colleagues showed that the subendothelial spaces of Disse extended between adjacent hepatocytes, and thus form a continuous labyrinth of intercellular and perisinusoidal microlacunae (MOTTA and PORTER, 1974; MOTTA, MUTO and FUJITA, 1978; MOTTA, 1984) .
Around the central and sublobular veins were also condensations of collagen fibers that were continuous with those surrounding the hepatic sinusoids (Fig. 6) . The liver capsule contained a layer (70-100um in thickness) consisting of interwoven collagen fibers (0.2 to 4um in diameter) that were also continuous with those in the spaces of Disse.
Thus, the collagen fibers in the liver form a network continuum in the liver as a whole. The collagen fiber network so arranged undoubtedly provides the liver with a "hepato-skeletal system", a skeleton that maintains the mechanical stability of the organ.
The collagen fiber network in the liver may also play an important role in maintaining a microenvironment suitable for the activities of the organ. As generally accepted, too great an accumulation of collagen fibers, together with other extracellular matrices, will hinder the liver from keeping the microenvironment in normal conditions, and will hamper exchanges of substances between the blood in the sinusoids and the hepatocytes. Our preliminary study of cirrhotic livers with the cell-maceration/ SEM technique showed that collagen fibers increased not only between regenerated hepatic lobules but also in the subendothelial spaces and in the interhepatocytic spaces. The collagen fibers in the cirrhotic livers frequently formed networks surrounding the hepatocytes. TAKAHASHI-IWANAGA and FUJITA (1986) , in their SEM study of alkali-collagenase treated liver tissues, showed that the fat storing cells of Ito (ITO,1951; ITo and NEMOTO, 1952) extended their attenuated processes in the interhepatocytic spaces continuous with the spaces of Disse. This and our present and previous findings (OHTANI, 1988) seem to support the hypothesis that Ito cells are responsible for producing collagen fibrils or procollagen. Indeed, evidence has accumulated that Ito cells produce collagen either in normal livers (WOOD, 1963; SCHNACK, STOCKINGER and WEWALKA, 1967; ITO and SHIBASAKI, 1968; ITO, 1973; TANIKAWA, 1975) , in fibrotic livers induced by CC14 (MC GEE and PATRICK, 1972; KENT et al., 1976; YoKol et al., 1985) , or under cultured conditions (DE LEEUW et al., 1984) . It has also been reported that Ito cells increase in number in fibrotic livers induced by CCL. However, several other cell types, including hepatocytes, have also been reported to participate in the elaboration of collagen, either in normal or in injured livers (GRIMAUD and BOROJEVIC, 1980; DIEGELMANN et al., 1983; CLEMENT et al., 1984; WASSERMANN, 1958 Jap. 50: 557-566 (1987) .
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